INTRODUCTION
============

Conventional robots consisting of rigid components play essential roles in the modern time because of their high output force, precision, and controllability. However, these "hard" machines typically present limited adaptability. With the future hinging increasingly on their fusion with the complex operating environments, robots that are soft and deformable have become a necessity ([@R1]--[@R6]). Soft-bodied animals become important inspiration for designing soft robots that are geometrically adaptable and resilient to environments ([@R7]--[@R11]), safe to humans ([@R6], [@R12], [@R13]), and biopowered ([@R14], [@R15]). In particular, mimicking the exceptional agility of insects ([@R16], [@R17]), fish ([@R18]), octopuses ([@R19], [@R20]), and snakes ([@R21]) has been a longtime pursuit. This task remains challenging given the difficulty in controlling high-performance soft actuators, especially when the device integration is taken into account.

Soft robots can be powered by either rigid electric motors (pumps) or stimuli-responsive soft actuators ([@R1]). We herein define them as soft motor-based robots and soft actuator-based robots (SARs). The former takes full advantages of the high energy density and efficiency of the motors. However, the intrinsic limitation of the motors prohibits their integration in a flexible, lightweight, and compact fashion, which is extremely desirable for soft robots. Typical stimuli-responsive actuators include ionic polymer metal composites (IPMCs) ([@R21], [@R22]), dielectric elastomers (DEs) ([@R23]--[@R26]), shape memory alloys (SMAs) ([@R10]), responsive hydrogels ([@R27], [@R28]), pneumatic structures ([@R13]), chemical reaction--inflated fluidic networks ([@R20]), and living cells ([@R14], [@R15]). Although their power and precision are not comparable to motors, stimuli-responsive actuators offer unique advantages in high deformability and adaptability because of their excellent compliance. The central issue is to create a highly compact system combining actuation, power, and control while maintaining the softness of the entire robot ([@R1], [@R4], [@R20]). At present, simultaneous achievements of untethered powering and high speed are challenging for SARs. Among the natural inspirations for designing soft robots, aquatic creatures stand out because of their exceptional large fraction of soft body and high agility ([@R20], [@R21], [@R29]--[@R44]). The interest to create aquatic robots is further fueled by the mounting importance of ocean missions. However, aquatic robots present additional challenges in that high adaptability is required for operating in the complex ocean environments. Previous attempts to create aquatic SARs showed promise in their geometrically adaptability yet encountered difficulty in achieving high speed. The reported aquatic SARs can reach speeds up to 0.35 body length per second driven by SMAs ([@R32]) and 0.25 body length per second driven by IPMCs ([@R35]).

DEs stand out among various soft actuators for their exceptionally fast response and large actuation ([@R26], [@R45]--[@R50]). However, the requirements for high voltages and rigid support frames prohibit their use in designing untethered SARs. In particular, achieving high-voltage insulation for a highly compact aqueous SAR appears to be an insurmountable obstacle. Here, we designed a manta ray--inspired DE-driven soft electronic fish. Contrary to the common belief that the entire DE assembly should be fully insulated, our design uses the surrounding open water as the electrode, taking full advantages of its weak yet sufficient electric conductivity. We find that water can function as the electric ground, thus resolving the need for further insulation. In addition, we use a highly compact electronic system for both remote control and the voltage boosting (3.7 V from a small battery to 10 kV). The overall design is compact and robust, achieving a swimming speed of 0.69 body length per second, about twice as fast as previously reported untethered aqueous SARs ([@R32]).

Inspired by the structure and propulsion mechanism of flapping pectoral fins, we design the electronic fish with DE membranes (3M VHB) as the muscle, silicone thin film as the fin, and a silicone frame as the elastomeric body. The detailed fabrication process is shown in [Fig. 1](#F1){ref-type="fig"}. The muscle laminate consists of a thin hydrogel film as one electrode encapsulated between the two prestretched DE membranes, along with a small piece of tin foil as the electric feed line. The muscle and fin laminates ([Fig. 1](#F1){ref-type="fig"}, A and B) are stacked together ([Fig. 1C](#F1){ref-type="fig"}), with acrylonitrile butadiene styrene (ABS) frames as the mold. The curing of the silicone precursor in the mold forms the body ([Fig. 1D](#F1){ref-type="fig"}) that bonds the muscle and fin together. Upon removing the ABS mold, the prestretched muscle shrinks. Constrained by the silicon body on one side, the muscle and body assembly bends into a buckled shape with a characteristic curvature ([Fig. 1E](#F1){ref-type="fig"}). A silicone steering tail ([Fig. 1F](#F1){ref-type="fig"}) with an embedded electromagnet is installed, which completes the fabrication of the fish. This design allows us to first connect the electronic fish with wired power to evaluate its performance, and then integrate the onboard system for power and remote control. More details of the fabrication and assembly can be found in figs. S1 to S5. All components of the electric fish are soft and transparent, except the tiny electromagnets and the leading edges of the fins. The fabrication process is amendable to use three-dimensional (3D) printing to produce certain components of the soft electronic fish. Preliminary attempts are described in fig. S6.

![Fabrication of electro-ionic fish.\
(**A**) Muscle laminate fabrication: A thin hydrogel film electrode was sandwiched between two biaxially prestretched (3 × 3) DE membranes (VHB membrane; initial thickness, 1.5 mm); the assembly was then fixed within ABS frames. (**B**) Fin fabrication: Two silicone films (thickness, 0.5 mm) and two rigid "L"-shaped acrylic frames (thickness, 1 mm) were glued together to form two pectoral fins, which were placed between two ABS frames. (**C**) The fin and muscle laminates were stacked together. The white and brown dashed lines indicate the locations of encapsulated hydrogel and feed line by DE membranes. (**D**) Liquid silicone precursor was poured into the mold (ABS frames) to fabricate the soft body. (**E**) The soft body bends after demolding. (**F**) Installation of the silicone tail and electromagnets.](1602045-F1){#F1}

[Figure 2](#F2){ref-type="fig"} shows the actuation mechanism of the electronic fish. Whereas the encapsulated hydrogel serves as an ionically conductive electrode ([@R50]), an important aspect of the design is to use the surrounding tap water as the other electrode. Despite the low electrical conductivity of the tap water (\~50 mS/m), it is sufficient to serve as an effective electrode, as will be evidenced later in the context. The use of open water as the electrode is counterintuitive because the high voltage required to actuate DEs often raises safety concerns even in a dry and isolated environment. Contrary to such a conception, water serves an additional role as an electric ground, which improves the system robustness. Without applying a voltage, the muscle and the body maintain an equilibrium bending state (rest state) ([Fig. 2A](#F2){ref-type="fig"}). When a voltage is applied ([Fig. 2B](#F2){ref-type="fig"}), positive and negative charges accumulate on both sides of the DE, inducing Maxwell stress ([@R48]) that deforms the DE membranes. The net effect is a reduction on the body curvature, corresponding to the actuated state. The structural deformations with and without voltage are simulated by a finite element analysis (FEA) (details in the Supplementary Materials). [Figure 2](#F2){ref-type="fig"} (C to F) illustrates the bending angles corresponding to the rest and the actuated states, respectively. When a cyclic voltage is applied, the fins flap and the electronic fish can operate like a manta ray that generates thrust through periodic flapping pectorals.

![Operation mechanism of electro-ionic fish.\
Front view of the actuating mechanisms. (A) In water, the soft body (silicone body) and the muscle laminates (two DE membranes and one hydrogel film) are deformed by the shrinking of the prestretched DE membranes with a bending curvature. (**B**) When a high voltage (HV) is applied to the muscle laminates, the electric field drives the ions in both the surrounding water and the hydrogel. Positive and negative charges accumulate on both sides of the DE membranes, inducing Maxwell stress and relaxing the DE membranes. The bending of the electro-ionic fish decreases. The surrounding water functions as the electric ground. (**C**) Front view (FEA) of the robotic fish in the rest state with a large bending angle θ~1~. (**D**) Front view (FEA) for the actuated state of the robotic fish with a small bending angle θ~2~. (**E**) Tilted view of FEA simulation for the rest state of the robotic fish. (**F**) Tilted view of FEA simulation for the actuated state of the robotic fish. Red dashed curves indicate the variation of bending. (**G**) Snapshot (similar tilted view) of a swimming manta ray. The body and fins of the manta ray buckle down with a large bending angle and (**H**) a small bending angle.](1602045-F2){#F2}

RESULTS
=======

The goal of this study is to achieve an untethered electronic fish with onboard power and control. As a first step, we perform a series of experiments to evaluate its performance under wired power. Here, we focus on how the fish swims at the surface of the water by attaching buoys to the fish (details can be found in fig. S5). Accordingly, the wired fish (dyed in green for contrast) is recorded with live snapshots ([Fig. 3](#F3){ref-type="fig"}), in the act of swimming under a square wave voltage (8 kV and 5 Hz), with the corresponding video in movie S1. Consistent with the simulation results, the fish body deforms between the actuated and the rest states, resulting in a change of bending angles from 16.7° to 26.9° ([Fig. 3A](#F3){ref-type="fig"}), that is, flapping. This flapping motion is similar to that of a manta ray (a detailed comparison can be found in section S3). We emphasize that this simple flapping is not sufficient for the forward motion. In our design, the rigid L-shaped leading edges of the fins are critical. The up-and-down flaps of rigid edges lead to undulatory motions of the soft silicone membrane ([Fig. 3B](#F3){ref-type="fig"} and movie S2), resulting in the forward propulsion. Accordingly, the simple in-plane DE actuation is transformed into the necessary complex motions, similar to the working principle of motor transmission systems for cars, albeit in a compact and soft form. The tail, which remains in the middle position throughout the operation, ensures forward motion without turning ([Fig. 3C](#F3){ref-type="fig"}).

![Live snapshots of the swimming fish with wired power.\
*t* = 0 is defined as the beginning of the cycle with the fin in the actuated state, and *T* represents the time required for one full flapping cycle. (**A**) Bending variations of the soft body and fins (front views). (**B**) Forward motion of the fish and undulatory motion of the fins (side views; the white dashed lines highlight the fin edges). (**C**) The top views correspond to (B).](1602045-F3){#F3}

With the wired power, an input AC voltage signal is amplified, which then actuates the fish and generates the thrust ([Fig. 4A](#F4){ref-type="fig"}). The swimming speed is determined by the amplitude and frequency of the applied voltage. At any given amplitude, the corresponding speed-frequency curve shows multiple peaks ([Fig. 4B](#F4){ref-type="fig"}). This nonmonotonic correlation is the result of the complex variation of the thrust and the hydrodynamic drag at different frequencies. Qualitatively, the thrust can be treated as the product of the frequency and the flapping amplitude ([@R51]). Even if the voltage amplitude is fixed, the flapping amplitude varies with the frequency due to the resonant behavior of the fish body and the nonlinear hydrodynamic drag. The swimming speed increases with the voltage amplitude, reaching the highest value of 13.5 cm/s at 10 kV and 5 Hz. With the fish body length of 9.3 cm, such a speed corresponds to 1.45 body length per second, much higher than previously reported values (\<0.8 body length per second) for tethered swimming SARs ([@R51]). Besides swimming in a straight line, steering the tail through the electromagnets allows the fish to make turns. We measure the turning radii at various applied voltages and frequencies with the tail at full rudder, and the results are presented in table S1. Overall, the minimum turning radius achieved is 8.5 cm at 7 kV and 8 Hz, illustrating its high agility.

![Quantitative performance evaluation via wired power.\
(**A**) Voltage signal from the signal generator is amplified through a high-voltage amplifier and fed to the soft robotic fish. (**B**) The speed of robotic fish demonstrates a double peak distribution and reaches a maximum of 13.5 cm/s.](1602045-F4){#F4}

We develop a method to estimate the power and power efficiency of the electronic fish. When it swims at a constant speed *v*, the thrust force *F*~T~ equals the drag force *F*~D~. The input electrical power *P*~input~ for DE actuation is partly converted into the mechanical power *P*~output~ to maintain the constant speed. Without considering the loss in the voltage amplifier and circuits, *P*~input~ can be estimated as the product between the electrical energy difference and the operating frequency *f*$$\mathit{P}_{\text{input}} = (\mathit{C}_{\text{act}} - \mathit{C}_{\text{rest}})\Phi^{2}\mathit{f}$$*C*~act~ and *C*~rest~ are the capacitances of the DE in the actuated and rest states. Ф is the amplitude of the applied voltage. *P*~output~ can be calculated as$$\mathit{P}_{\text{output}} = \mathit{v}\mathit{F}_{D}$$

The power efficiency η at a constant swimming speed can be expressed as$$\eta = \mathit{P}_{\text{output}}/\mathit{P}_{\text{input}}$$

All variables and parameters in [Eqs. 1](#E1){ref-type="disp-formula"} to [3](#E3){ref-type="disp-formula"} can be measured experimentally, thus allowing the calculations of power and power efficiency under different operating conditions (see fig. S7 and table S2). For the highest speed (13.5 cm/s) achieved at 10 kV and 5 Hz, the corresponding input power and power efficiency are 0.024 W and 10.25%, respectively. As a reference, a rainbow trout (body length of about 25 cm) has an input power of 0.03 W at a speed of 10 cm/s ([@R52]). Thus, both the power and the speed of our electronic fish are comparable to those of the real fish of similar size.

We next address a major challenge for SARs, that is, achieving onboard power and control while maintaining a considerable portion of its performance. We first engineer a lightweight and compact system integrating a high-voltage amplifier, a lithium-ion battery, and infrared (IR) remote control circuits (more details can be found in section S6). The system compactness allows the accommodation within the fish. At a first glance, the rigidity of most components in this system is a drawback. To overcome this, the rigid components are sequentially lined up and encapsulated in silicone rubber. The entire package is defined as the electronic pod (Epod), which is glued under the fish body ([Fig. 5A](#F5){ref-type="fig"}). This design does not compromise the necessary softness in the lateral direction. Its added rigidity in the longitudinal direction consequently restrains the undesirable bending in that direction and enhances the robustness of the flapping motions. Despite the additional drag force and relative low power with the Epod, the untethered fish can reach a maximum forward speed of 6.4 cm/s (9.5 kV and 5 Hz), which is roughly half of the tethered version (13.5 cm/s). The speed reduction is mainly caused by a more than doubled increased total weight (from 42.5 to 90.3 g), as well as the additional drag from the Epod (see the Supplementary Materials for detailed discussions). The soft electronic fish can swim and turn under remote control ([Fig. 5B](#F5){ref-type="fig"}). With one single battery charge (3.7 V, 450 mAh), the fish can continuously swim for 3 hours and 15 min at a speed of 1.1 cm/s. In addition, it can make sharp turns under remote IR control while carrying a video camera ([Fig. 6D](#F6){ref-type="fig"} and movie S3). A live video showing the swimming is provided as movie S4, and detailed discussions on the turning performance and the swimming endurance are provided in the Supplementary Materials.

![Performance of the untethered fish.\
(**A**) Tilted view of the fish showing the onboard system for power and remote control. (**B**) Live snapshots of the swimming of the robotic fish under remote control (voltage of 8 kV and 5 Hz).](1602045-F5){#F5}

![The thermal tolerance and visual disguise of the fish.\
The soft robotic fish can swim in a wide range of water temperatures from (**A**) 0.4°C to (**B**) 74.2°C. The stealth sailing of the fish with (**C**) wired power and (**D**) onboard power.](1602045-F6){#F6}

Other notable characteristics of the electronic fish include its excellent environmental adaptability and disguising performance. It can swim well in both cold (0.4°C) and hot (74.2°C) water ([Fig. 6](#F6){ref-type="fig"}, A and B, and movie S5) without any delicate thermal insulation. This is a particular advantage over robots driven by thermally responsive actuators, such as SMAs and temperature-responsive hydrogels ([@R27]--[@R29]). In addition, because of the transparency of the major components (movie S6), the fish can blend into various environmental backgrounds, showing high disguising performance ([Fig. 6](#F6){ref-type="fig"}, C and D).

DISCUSSION
==========

In summary, we designed a soft electronic fish with DE as the actuator and encapsulated hydrogel and surrounding water as the highly robust electrodes. Counterintuitively, we showed that the high voltage required for actuating the DE is compatible with the aqueous operating environment. The soft body is designed to function as the transmission that converts the simple in-plane DE actuation into the complex motions necessary for propulsion. Overall, the excellent performance of the DE, when combined with integrated compact electronics for power and remote control, results in exceptional mobility for an untethered electronic fish with a swimming speed of 0.69 body length per second. In addition to the wireless mobility, the electronic fish has other notable attributes, including transparency, long endurance, and temperature tolerance. All these performance features are highly desirable for its operation in harsh environments. Overall, the engineering principle behind our robot design can be potentially useful in guiding device designs for demanding applications such as flexible devices and soft robots.

MATERIALS AND METHODS
=====================

Materials
---------

The soft fish body was made of commercial silicone elastomer (SYLGARD 184, heat-cured). The materials used for fabricating hydrogel electrodes are all commercial grades: acrylamide (Sigma-Aldrich), *N*,*N*′-methylenebis (acrylamide) (BIS; Sigma-Aldrich), ammonium persulfate (APS; Sigma-Aldrich), *N*,*N*,*N*′,*N*′-tetramethylethylenediamine (TEMED; Sigma-Aldrich), and lithium chloride (LiCl). For making the hydrogel, acrylamide (2 g) and LiCl (0.1 g) were dissolved in 10 ml of deionized water, and BIS (0.001 g) and APS (0.02 g) were subsequently added into the solution. Next, 20 μl of TEMED was added, and the final solution was poured into a mold and cured for 30 min with ultraviolet light to form the conductive hydrogel membrane. The DE membranes (initial thickness, 1.5 mm) consist of two DE membranes stacked together (3M VHB 4910 and 4905 membranes). Silicone adhesive glue (Dow Corning 734) was used for the sealing and gluing. More details of the fabrication and assembly can be found in figs. S1 to S5.

Performance characterization
----------------------------

When the fish was powered by wired voltage source, a signal generator (Agilent 33220A) and a voltage amplifier (Trek 610E) were combined to generate the high voltage ([Fig. 4A](#F4){ref-type="fig"}). The three-view videos ([Fig. 3](#F3){ref-type="fig"}, A to C) were recorded by high-definition cameras. The thrust of the fish was measured by a force sensor connected behind the fish and analyzed using a data acquisition software (M400). More details on the thrust measurement are provided in the Supplementary Materials.

Onboard system for power and remote control
-------------------------------------------

A diagram of the compact high oscillating voltage generator is shown in fig. S8. The experimental voltage is 100 times of the simulated voltage signal shown in fig. S8B. The system is powered by a low-voltage battery (3.7 V) with flyback topology to achieve small size, high voltage, and isolation. The system is controlled by an eight-pin microcontroller to tune the voltage frequency and amplitude with IR remote control. The high-voltage amplitude is adjusted by pulse width modulation duty cycle. The oscillating frequency is tuned through an on-off control of an S1 gate driver. The high-voltage circuits consist of the discharge circuits and the rail-to-rail amplifiers, with the latter capable of raising the voltage to a high level and dropping it to zero.

FEA simulation
--------------

The results presented in [Fig. 2](#F2){ref-type="fig"} (C to F) and fig. S9 were calculated using Abaqus 6.13. A material model from a previous study ([@R25]) was embedded into the software with the user-defined subroutine UMAT. Hybrid, reduced integration elements (C3D8RH) were used in the simulation.
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======================
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